Development of core collections is an effective tool to extensively characterize large germplasm collections, and the use of a mini-core subsampling strategy further increases the effectiveness of genetic diversity analysis at detailed phenotype and molecular levels. We report the formation of a mini-core subset containing 217 entries derived from 1794 core entries representing the genetic diversity found in more than 18,000 accessions of the USDA-ARS rice (Oryza sativa L.) germplasm collection. The mini-core was developed with PowerCore software on the basis of 26 phenotypic traits and 70 molecular markers. The 217 entries in the mini-core had a similar distribution over 15 geographical regions, with 1794 entries in the original core collection. The resultant mini-core had 6.3% of mean difference (MD%), 16.5% of variance difference (VD%), 102.7% of variable rate (VR%), and 97.5% of coincidence rate (CR%) with the core collection, which brought about full coverage of 26 traits. All 962 alleles identifi ed by the 70 markers in the core collection were captured in the mini-core, which maximized allelic richness up to 100% and resulted in an average genetic diversity (Nei index) of 0.76, ranging from 0.37 to 0.97 among the markers. In conclusion, the mini-core presented in this study is a highly suitable and representative subset of the USDA rice core collection as well as the entire USDA-ARS rice germplasm holdings.
R ice (Oryza sativa L.) is the most important food crop in the world and serves as the staple food for about three billion people (Liang et al., 2004) . There are some 4,500,000 accessions in plant germplasm collections worldwide (FAO, 1996) ; about 9% or 400,000 accessions are rice (Li et al., 2002) . Such a great number of accessions in these collections makes comprehensive and accurate descriptions impractical, although the descriptions on both phenotypic and genotypic levels are absolutely fundamental for use. Core collections are an expeditious means to intensively characterize, explore, and use genetic resources stored in germplasm holdings as well as monitor genetic drift during preservation and identify gaps in genetic diversity for further development of the genebank (Frankel and Brown, 1984; Brown, 1989a) .
Numerous methods to form core collection subsets have been proposed that maximize diversity contained in the original collection as well as the genetic distances among accessions in the subset. Stratifi ed random sampling method, as opposed to simple random sampling, has been successfully applied to the development of numerous core collections (Balfourier et al., 1998; Chandra et al., 2002; Hu et al., 2000; Peeters and Martinelli, 1989; Franco et al., 2006) . These methods advocate clustering accessions fi rst on the basis of prior Genetic Assessment of a Mini-Core Subset Developed from the USDA Rice Genebank knowledge such as origin, passport data, and genetic distance (Jansen and van Hintum, 2007) , followed by an allocation of genotypes from each classifi cation or cluster to form the core subset. The allocation methodologies include proportional allocation, log frequency allocation, and constant allocation (Brown, 1989a; Spagnoletti and Qualset, 1993; van Hintum et al., 2000) . When using molecular markers to determine a germplasm collection for the retention of genetic diversity, the M (maximization) strategy or nested selection methods (Bataillon et al., 1996; Marita et al., 2002; Schoen and Brown, 1993) are applied to select specifi c combinations of accessions while maximizing the number of observed alleles at each marker locus. The allelic diversity of a core subset formed by the M strategy is defi ned in terms of the number of allele classes represented in the sample. The MSTRAT program uses iterative procedures to select samples with the highest diversity as measured by the number of alleles and the trait classes that account for the greatest proportion of the collection variability based on the M strategy (Gouesnard et al., 2001) . To date, the M strategy is the most powerful function for selection of entries with the most diverse alleles and eliminates redundancies resulting from noninformative alleles that arise from co-ancestry (Franco et al., 2006) . The MSTRAT has been successfully applied in Arabidopsis (Ronfort et al., 2006) , Trifolium (Ghamkhar et al., 2005) , Vitis vinifera (Barnaud et al., 2006) , Triticum aestivum (Balfourier et al., 2007) , and Zea mays (Gouesnard et al., 2005) .
Using the advanced M strategy, Kim et al. (2007) presented PowerCore software that possesses the power to represent all the alleles identifi ed by molecular markers and classes of the phenotypic observations in the development of core collections. This program selects core entries by the advanced M strategy implemented through a modifi ed heuristic algorithm. The "heuristic algorithm" was designed for selection of an optimal pathway to the last goal following the Karg-Thompson's algorithm (Karg and Thompson, 1965) and further improved to search not only the best increment in each class, but also the next-best increment (Raymond, 1969) . Software applications for the heuristic algorithm include the FASTA program for sequence comparison (Altschul et al., 1990) and GeneMark for the ab initio gene search program (Besemer and Borodovsky, 2005) . For example, a core set of Arabidopsis has been successfully developed by the heuristic algorithm with single nucleotide polymorphism (SNP) data (McKhann et al., 2004) .
The USDA rice core collection containing 1794 accessions was assembled in 2002 with a stratifi ed random sampling method (by country of origin) from the whole collection (www.ars-grin.gov) containing over 18,000 accessions, with duplicates for some cultivars. For example, there are eight accessions of IR 8, a popular cultivar grown in Asian countries and bred by the International Rice Research Center, which was donated by diff erent institutions from 1966 to 1980. This core collection has been comprehensively characterized for rice descriptors listed in the Germplasm Resources Information Network. Using 14 standardized phenotypic descriptors, it was shown that the core collection has an estimated 88% certainty of carrying the diversity found within the entire rice genebank .
Phenotypic characterization requires extensive investment of resources in multiple environments, especially for quantitatively controlled biotic and abiotic stress tolerances, and genotypic characterization with high marker density or new marker technologies (i.e., SNP markers) is very expensive. However, the phenotypic and genotypic information is absolutely needed for association mapping of valuable traits controlled by numerous genes and allelic analysis of their linked markers (Agrama and Eizenga, 2008; Agrama et al., 2007) . Development of a mini-core subset from the core collection by further reduction of accessions is an eff ective strategy to obtain the information with reasonable expenses. The objective of this study was to establish a rice mini-core that includes the minimum number of accessions that are representative of the phenotypic and genotypic diversity of the USDA core collection.
MATERIALS AND METHODS

Core Collection and Trait Evaluation
Data of 26 phenotypic traits, 69 simple sequence repeat (SSR) markers, and one indel marker generated from 1794 accessions in the USDA rice core collection at Stuttgart, AR, were used to develop the mini-core subset. Of these accessions, 1769 belonged to Oryza sativa, while the rest of the 25 accessions belonged to other species of Oryza. The phenotypic traits included 13 describing rice morphology, two for cooking quality, 10 rice blast disease resistance ratings from individual races of Magnaporthe oryzae Cav., and one physiological disease, straighthead. Methods for evaluation of the core collection were described in details for morphological traits (Yan et al., 2005b,c) and straighthead resistance (Yan et al., 2005a) . Cooking quality parameters, apparent amylose content, and alkali spreading value (ASV) were determined according to the protocols described by Webb (1972) and Little et al. (1958) , respectively.
Evaluation of the core collection for blast disease caused by the fungus M. oryzae Cav. was performed according to the method described by Lee et al. (2003) . Field reactions to blast were rated at the University of Arkansas Experiment Station, Pine Tree, AR, following inoculation using a mixture of the most prevalent races (IB-1, IB-49, IC-17, IE-1, IE-1K, IG-1, and IH-1) found in the southern United States rice production region. Disease scores were determined at the 4 to 5 leaf stage, early panicle (lesions on the peduncle at V8 to V9 growth stages), and at fi nal panicle (peduncle at maturity R6 to R8 growth stages) (Counce et al., 2000) using a 0 to 9 scale, where 0 represents no disease and 9, the most severe symptoms. In addition, individual reactions to seven M. oryzae race isolates, IB-1, IB-33, IB-49, IC-17, IE-1K, IG-1, and IH-1 were evaluated in inoculated greenhouse tests according to a rating scale for symptom intensity from 0 (no lesions) to 9 (dead) (Lee et al., 2003; Eizenga et al., 2006) .
The resulting mini-core was compared with the original core collection to assess its homogeneity. Nei genetic diversity index (Nei, 1972) was estimated for each molecular marker in both the core and mini-core collections. Chi-squared (χ 2 ) tests were used to contrast the similarity between the core and mini-core collections for number of alleles for each marker and the number of accessions originating from 15 geographic regions. Homogeneity was further evaluated for the 26 phenotypic traits using the Newman-Keuls test for means, the Levene test (Levene, 1960) for variances, and the mean diff erence (MD%), variance diff erence (VD%), coincidence rate of range (CR%), and variable rate of coeffi cient of variance (VR%) according to Hu et al. (2000) . Coverage of all the phenotypic traits in the original core collection was estimated in the mini-core as proposed by Kim et al. (2007) :
where Dc is the number of classes occupied in the minicore subset, De is the number of classes occupied in the original core collection for each trait, and m is the number of traits, which is 26 in this case.
RESULTS
Comparison of Distribution Frequency
The 1794 core accessions originated from 113 countries, with the most from China followed by Japan, the Philippines, Taiwan, and Italy (data not shown). Among the 15 regions (including one named Unknown), South America, Subcontinent, China, Africa, and South Pacifi c accounted for 55.57% of the core accessions (Table 1) . Four other regions, Australia, Balkans, North America, and Unknown, had the least number of accessions, totaling 9.20% of the core collection. On the basis of 26 phenotypic traits and 70 markers, the heuristic search identifi ed 217 accessions (12.1%) out of 1794 accessions in the core collection ( Table 2 ). The 217 mini-core entries originated from 76 countries covering all the 15 geographic regions (Table 1 and 2). Similarly, fi ve regions, Subcontinent, South Pacifi c, Southeast Asia, Africa, and China, accounted for the majority, or 63.6%, of the mini-core entries, while the fewest entries came from three regions, Australia, Mideast, and North America, and Unknown, accounting for 6.44% of the mini-core.
The similarity of distribution frequencies between the core and mini-core collections for each of the 15 regions was tested using χ 2 with one degree of freedom (Table 1 ). All 15 regions had nonsignifi cant χ 2 values ranging from 0.095 to 0.996, with probability (P) from 0.303 to 0.758, which proved a homogeneous distribution between the two collections.
Among the 217 mini-core Oryza entries, nine belong to O. glaberrima (GSOR 311603, 311691, 311694, 311688, 311689, 311692, 311690, 311693, and 311695) ; two each to O. nivara (GSOR 311698 and 311699) and rufi pogon (GSOR 311702 and 311703); one each to O. glumaepatula (GSOR 311695) and latifolia (GSOR 311697); and the remaining 203 entries belong to O. sativa (Table 2 ).
Molecular Marker Analysis
Total genomic DNA was extracted using a rapid alkali extraction procedure (Xin et al., 2003) from fi ve plants that represent each core collection entry. Seventy molecular markers covering the entire rice genome, with an average of one marker per 30 cM, were genotyped for the core collection, including 67 SSRs obtained from the Gramene database (http://www. gramene.org/). Two other SSR markers were amplifi ed using the following primers: AP5652-1, F = GTA CAG CGC AAA AGT GGT AG, R = CAT GGG ACT TGA TGT AGG AG; and AP5652-2, F = TTG ACT TAT AGA AGT TGA ATT TGG, R = TGT GTC AGT CAA GCA GAC AG. The remaining marker was an indel at the Rc locus, named Rid 12 responsible for rice pericarp color (Sweeny et al., 2006) . Polymerase chain reaction (PCR) marker amplifi cations were performed in 25 μL reaction volumes consisting of 20 ng of genomic DNA, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 2.5 mM MgCl 2 , 300 nM of each primer, and 1 unit of Taq DNA polymerase (Promega, Madison, WI). For each marker, forward primers were labeled with either 6FAM, NED, or Hex (Applied Biosystems, Foster City, CA, or Integrated DNA Technologies, Coralville, IA). DNA amplifi cations were performed with MJ Research Tetrad thermocyclers (Waltham, MA) under the following PCR conditions: (i) initial denaturation at 94°C for 5 min; (ii) 35 cycles of 94°C for 1 min, 55 to 67°C (marker dependent) for 1 min, 72°C for 2 min; (iii) 5 min fi nal extension at 72°C. Polymerase chain reaction products were pooled on the basis of color and size range of amplifi ed fragments (typically three markers per run along with ROX-labeled size standard), and the DNA was denatured by heating samples at 94°C for 5 min. The samples were separated on an ABI Prism 3730 DNA Analyzer according to the manufacturer's instructions (Applied Biosystems). Fragments were sized and binned into alleles using GeneMapper v. 3.7 software (Applied Biosystems).
Sampling Strategy and Data Analysis
Sampling the core collection was performed by the PowerCore software described by Kim et al. (2007) with an eff ort to maximize both the number of observed alleles at SSR loci and the number of phenotypic trait classes using the advanced M strategy implemented through a modifi ed heuristic algorithm. For qualitative traits of plant type, lodging, panicle type, awn type, hull color and cover (pubescence), bran color, and ASV, each code in the rating scale was defi ned as a class (i.e., bran color codes as indicated at http://www.ars-grin.gov/cgi-bin/npgs/html/desc.pl?75011). Similarly, each disease rating for reaction to blast and straighthead was treated as a class. An interval was defi ned to separate the full range of measurements and establish classes for seven continuous variables: days to fl ower, plant height, kernel length, kernel width, kernel length/width ratio, kernel weight, and amylose. These variables were automatically classifi ed into diff erent categories or classes by the PowerCore program based on Sturges' rule = 1 + Log 2 (n), where n is the number of observed accessions (Kim et al., 2007) . Seven accessions, Cypress, IR64, M202, Nipponbare, Moroberekan, Dular, and Aswina, were preferentially included in the mini-core without validation using PowerCore because they have been sequenced in the International Rice Functional Genomics Consortium project (McNally et al., 2006) and are important reference cultivars for the research community. 
Comparison of Trait Property
Comparative values for the ranges, means, and variances of 26 phenotypic traits among the USDA rice core collection and mini-core subset are presented in Table 3 and demonstrate that the mini-core subset covers the range of variation for each trait. The Newman-Keuls test results indicate the presence of homogeneity of means between the core collection and mini-core subset for 22 (85%) of the 26 traits analyzed. Sixteen (62%) of the traits had homogeneous variances between the two collections as revealed by the Levene's test. Among the 10 traits having heterogeneous variances, fi ve morphological traits and amylose content had greater variances in the mini-core subset than in the core collection. However, hull cover and color as well as two disease traits had smaller variances.
The MD%, the VD%, the CR%, and the VR% are designed to comparably evaluate the property of core collection with its initial collection. Over the entire 26 phenotypic traits, the MD% was 6.3%, far less than the signifi cance level of 20% (Hu et al., 2000) between the USDA core collection of 1794 accessions and the mini-core of 217 entries selected by the PowerCore search. The VD% was 16.5%, less than the signifi cance level of 20% between the two collections, as six traits had much greater variances in the mini-core than in the core collection (Table 3 ). The VR% compares the coefficient of variation values of the 26 phenotypic traits measured in the core collection with the mini-core subset in general and determines how well the variance is being represented in the mini-core. More than 100% of VR% is required for a core collection to be representative of its original collection (Hu et al., 2000) . The mini-core had 102.7 VR% over its originating core, indicating good representation. The coincidence rate indicates whether the distribution ranges of each trait in the mini-core subset are well represented when compared to the core collection. The resulting CR% over the 26 traits was 97.5%, indicating homogeneous distribution ranges of the phenotypic traits because it was larger than 80% (Kim et al., 2007) . The calculated coverage value for the resulting mini-core was 100%, suggesting there is full coverage of all the diversity present in each class of phenotypic traits in the USDA rice core collection.
Comparison of Marker Property
Both the USDA rice core collection and mini-core subset contained the same total number of polymorphic alleles (= 962 alleles) produced by the 70 markers, with an average of 14 alleles per locus that ranged from two for RM338 to 37 for RM11229 (Fig. 1A) . Total alleles per locus ranged from 2 to 9 for 24 markers, from 10 to 19 for 32 markers, and from 20 to 37 for 14 markers. The Nei genetic diversity index values reveal the allelic richness and evenness in the population. Distributions of the Nei indices among the 70 markers were very similar between the core collection and the mini-core subset (Fig. 1B) . The core collection had an average Nei diversity index of 0.72, with a minimum of 0.24 for AP5625-1 and maximum of 0.94 for RM11229 and RM302 over the 70 markers. The diversity index averaged 0.76 in the mini-core subset, with a minimum of 0.37 for RM338 and AP5625-1 and a maximum of 0.95 for RM11229 and RM302. The minor diff erence in the average Nei diversity index between the core and mini-core collections was not statistically signifi cant. Similarly, none of the 70 markers had signifi cantly diff erent Nei diversity index between the core and mini-core collections, indicated by the χ 2 test, with values ranging from 0.000 to 0.022 and probabilities ranging from 0.882 to 0.999. More than 60% of the markers have a diversity index higher than 0.60, indicating higher diversity across the markers (Fig. 1B) .
DISCUSSION
Phenotypic Property of the Mini-Core Subset
We developed a mini-core subset containing 217 entries, which is 12% of its parental population (the USDA rice core collection) using a diversity maximization strategy based on heuristic searches. The mini-core entries have the same distribution frequency over the countries of origin in 15 geographic regions as the core entries and retain most of the phenotypic and genotypic variations found in the originally characterized core collection.
The MD% between the mini-core and core collections for 26 phenotypic traits (6.3%) was similar to the average of core collections developed by Kim et al. (2007) . The VD% of the mini-core (16.5%) was less than that of the reported studies for each of 10 test runs in rice (Kim et al., 2007) and for 6 of 9 test runs in cotton (Gossypium hirsutum L.) (Hu et al., 2000) . The VR% of the mini-core (102.7%) was larger than the test runs in Kim et al. (2007) , and the CR% of traits in the mini-core (97.5%) was larger than six of nine test runs in Hu et al. (2000) . Core collections with low MD% and VD% and large VR% and CR% are considered to provide a good representation of the genetic diversity of the initial collection (Hu et al., 2000; Kim et al., 2007) . Furthermore, the presented mini-core comprised of 12.1% of the core accessions displayed 100% coverage for 26 phenotypic traits, demonstrating that the PowerCore software was eff ective in maintaining the diversity present in each class of the traits in the USDA rice core collection. In contrast, Brown (1989a,b) used several statistical models to suggest that at least 70% of the variation in an entire collection could be represented in a core composed of at least 10% of accessions. Therefore, this mini-core should be considered as a sound representation of rice genetic diversity found in the USDA rice genebank.
Genotypic Property of the Mini-Core Subset
The mini-core subset retained all 962 DNA marker alleles and maximized allelic richness up to 100% of the USDA rice core collection, and uniformly captured the same diversity expressed by each of the 70 markers analyzed. The full capture did not always happen in other crops. A maize core collection developed with MSTRAT software maintained 93% of the alleles present in the original collection (Todorovska et al., 2005) . In a core collection of bread wheat including 372 accessions formed by the M strategy, 98% of the allelic diversity at the 38 polymorphic loci was represented (Balfourier et al., 2007) . Eff ective core collections eliminate redundancies in worldwide germplasm collections and yet succeed in capturing the majority of diversity for a set of traits or genes of interest. We have successfully captured the entirety of 962 alleles identifi ed with 70 molecular markers in the resultant mini-core subset containing only 217 entries from 1794 entries in the USDA rice core collection. The genetic diversity estimated by the Nei index (Nei, 1972) of the mini-core subset (0.76) was greater than the original core collection (0.72), as would be expected when genetically similar accessions were removed from the original core. The diversity existing in the minicore is larger than that in rice landrace populations in Yunnan, China (Zeng et al., 2007) , Indonesian rice populations (Thomson et al., 2007) , a Chinese wheat gene pool , and French National Institute for Agriculture Research (INRA) wheat germplasm accessions (Balfourier et al., 2007) . The average number of alleles per locus of the mini core (14) identifi ed with 70 markers was larger than that reported in rice studied by Cho et al. (2000) (5.1), Jain et al. (2004) (7.8) , Xu et al. (2004) (11.9) , and Thomson et al. (2007) (13). This study proved that PowerCore software is able to eff ectively condense the number of entries characterized within a germplasm collection while maintaining an almost full proportion of the diversity for not only phenotypic traits but also genetic markers with a wide range of variations. However, McKhann et al. (2004) stated that it is impossible to guarantee the complete capture of all SNP alleles for each gene in a core collection. Kim et al. (2007) used two diff erent sets of data in rice for a comparison of sampling effi ciency between PowerCore and MSTRAT methods. The core sets developed by PowerCore retained all the alleles of SSR markers and all the classes of phenotypic traits existing in the two sets of data, ensuring 100% of diversity coverage. Adversely, the coverage rate of MSTRAT was 94.8% for phenotypic traits and only 88.9% for SSR markers. The same list of selected entries should be generated when users repeat the selection based on the same data set (Kim et al., 2007) . This is another benefi t for users of PowerCore.
Necessity of Core Collection
Core collection strategy provides a rational framework for undertaking studies on genetic diversity, marker discovery, and the phenotyping of traits in the absence of prior knowledge on the distribution of a character or the polymorphism in a target gene. This is particularly pertinent given the increasing interest in natural genetic variation and its exploitation in studying complex traits from humans to crops (McKhann et al., 2004) . This approach opens the possibility of performing large-scale association studies to study such complex traits. Once allele detection has been performed on the accessions of the core collection, the entire collection can be genotyped for association studies. The utility of genotype-phenotype association studies has been documented in humans and plants (Collins, 2007; Oraguzie et al., 2007) . By maximizing the diversity studied in a reduced number of individuals through the use of core collections, the probability of identifying variants of interest for association studies involving complex traits is increased. Furthermore, the knowledge gained through the core collections allows the choice of optimal crosses for generating quantitative trait loci (QTL) mapping populations.
Of particular interest to rice breeders is the possibility of using existing germplasm resources for gene and allele discovery on the basis of association mapping strategies (Agrama et al., 2007; Kruglyak, 1999; Jorde, 2000; Farnir et al., 2000) . Detection of marker-trait associations within breeding germplasm has potential advantages over classical linkage analysis and QTL mapping ( Jannink and Walsh, 2002) . For example, broader genetic variation in a more representative genetic background can be included in the analysis, linkage disequilibrium mapping may attain a higher resolution, and multitrait phenotypic data stored in databases can be linked to marker characterizations of the involved cultivars. Especially the latter advantage is important when evaluation of the trait is time consuming and expensive, as is the case with crop yield, adaptability, stability, and biotic and abiotic tolerances (Maloof et al., 2001; Thornsberry et al., 2001; Kraakman et al., 2004) .
Seven reference accessions, Aswina, Cypress, Dular, IR64, M202, Moroberekan, and Nipponbare, were included in the mini-core because they have been characterized on a whole genome basis for SNP markers (McNally et al., 2006) and their SNP genotypes are available at the International Rice Functional Genomics Consortium project (http://irfgc.irri.org/). In making use of the mini-core, scientists can add special reference accessions or check cultivars of particular interest to their research objectives.
In conclusion, the mini-core of 217 entries presented in this study is a good representative subset of the USDA rice core collection of 1794 entries as well as the entire rice genebank of more than 18,000 accessions. The core and mini-core collections are managed by the Genetic Stock Oryza Collection at the USDA-ARS Dale Bumpers National Rice Research Center (http://www.ars.usda. gov/Main/docs.htm?docid = 8318) and are available to the research community worldwide.
